The reconfigurable modular robot has an enormous amount of configurations to adapt to various environments and tasks. It greatly increases the complexity of configuration research in that the possible configuration number of the reconfigurable modular robot grows exponentially with the increase of module number. Being the initial configuration or the basic configuration of the reconfigurable robot, the center-configuration plays a crucial role in system's actual applications. In this paper, a novel center-configuration selection technique has been proposed for reconfigurable modular robots. Based on the similarities between configurations' transformation and graph theory, configuration network has been applied in the modeling and analyzing of these configurations. Configuration adjacency matrix, reconfirmation cost matrix, and center-configuration coefficient have been defined for the configuration network correspondingly. Being similar to the center-location problem, the center configuration has been selected according to the largest center-configuration coefficient. As an example of the reconfigurable robotic system, AMOEBA-I, a three-module reconfigurable robot with nine configurations which was developed in Shenyang Institute of Automation (SIA), Chinese Academy of Sciences (CAS), has been introduced briefly. According to the numerical simulation result, the center-configuration coefficients for these nine configurations have been calculated and compared to validate this technique. Lastly, a center-configuration selection example is provided with consideration of the adjacent configurations. The center-configuration selection technique proposed in this paper is also available to other reconfigurable modular robots.
With the gradual progress in robotics technology, the robots have outgrown from the fixed position operation to work in unstructured environment or extreme dangerous environment. They are hoped to carry out more complex missions. However, a single robot does not possess enough flexibility and mobility for the limitation in its structure and function. The robot has to change itself to meet the requirement in the complex environments and tasks. The research on the reconfigurable modular robot arises under such situation. Being composed of various functional modules and with responding ability, high mobility, autonomy, and collaboration function, the reconfigurable modular robot can change its configuration to adapt to the task. Since it can quickly and efficiently respond to the designated tasks by change and optimize its structure, the reconfigurable modular robot has widely applications in the areas such as national defense, urban safety, space exploration and nuclear industry. Therefore, research on the reconfigurable modular robot has being a hot topic and an important field since the 1980s . There are a lot of research groups and researchers carrying out the study on reconfiguration. The research groups outside China and their representative platform include: 1) USC-ISI (CONRO, SupBot, MORPHOS, SeRes) [3] [4] [5] ; 2) PARC (PolyBot, PolyPod, Telecube, Digital Clay) [6] [7] [8] ; 3) CMU (Reconfigurable Modular Manipulator System, I-Cubes) [9, 10] ; 4) AIST (MTRAN-III reconfigurable robots, M-TRAN) [11] [12] [13] [14] ; 5) Fukuda Laboratory (CEBOT) [15] ; 6) Dartmouth Robotics Laboratory (Crystalline, Molecular Robots) [16, 17] , etc. In China, scientists in Shanghai Jiao Tong University [18] [19] [20] , Shenyang Institute of Automation, Chinese Academy of Sciences [21] [22] [23] [24] [25] [26] , Beihang University [27, 28] , Harbin Institute of Technology [29, 30] , Tsinghua University [31] and the other organizations have also researched on the reconfigurable modular robots both in theory and in experiment with international recognized results. The adaptability of the reconfigurable modular robot has been implemented by the designing of the hardware and the software of the system. Configuration analysis is considered to be the core step to design a reconfigurable robot since configuration not only reflects the topology of the system but also has close relationship with the robot's controllability and performance. In the existing literatures, research on the configuration problem mainly includes configuration design [1, 2, [7] [8] [9] [14] [15] [16] [17] 21, 24, 27, 30, 31, 34] , configuration synthesis [22, 28, 29, [31] [32] [33] 36] , configuration locomotion [4, 5, 10, 18, 20, 23, 27, 37] and reconfiguration technique [12, 13, 19, 25, 35] . However, no attention has been paid on the center-configuration research. Being the prime configuration or the original configuration, the center-configuration is an important reference for a real system. Since the configuration number increases exponentially with the module number [12, 22, 36, 37] , how to select the center-configuration in the enormous number of configurations can be based on two aspects: 1) configuration's physical characters (the center-configuration is hoped to have the best kinematics and dynamics performance); 2) configuration's topology characters (the center-configuration is hoped to have the best flexibility and responding ability). In this paper, we will select the centerconfiguration according to the second aspect for the reasons listed as follows.
(i) The center-configuration is the norm configuration and the initial configuration. It is considered to be the "original point" in configuration control.
(ii) The center-configuration has the linking and radiating ability. It is the hinge for the configuration network. If the center-configuration cannot work, reconfigurations between these configurations will be affected. Therefore, reliability and stability of the center-configuration are crucial to the configuration-network.
(iii) The center-configuration should have the best flexibility, the most possibility to reconfigure from or into the other configurations. Once the center-configuration can not accomplish the mission or get into trouble, it will save itself out and change into another configuration quickly to continue the mission.
Since the reconfigurable robot has enormous configuration, it is impossible to manually optimize or select these configuration completely and accurately. Therefore, a center-configuration selection has been proposed in this paper. Firstly, according to the topology information of all these configurations, the configuration network model has been built by the principles of graph or network theory. Then, we use the reconfigurable robot developed in Shenyang Institute of Automation as an example to demonstrate the validity of the technique with simulation results.
Platform of the reconfigurable modular robot
The mobility and the adaptability are crucial for the mobile robot working under unstructured environments. In the mobile mechanism for operating under unstructured environments, the link-type structures have been proved to be the most effective platform. The link-type structure also has the disadvantages such as large turning radio and poor lateral stability [24] . In the existing link-type structures, there are usually many joints with one to three degrees of freedom (DOF) between the adjacent modules. However, the free ranges of the joint between adjacent units are limited by its physical structure. Therefore, we have proposed a novel link-type reconfigurable structure with offset joints. Three generations of platform have been developed and a series of researches have been carried out on their reconfiguration principle, non-isomorphic configurations, and tipover stability [21] [22] [23] [24] [25] [26] . As shown in Figure 1 , the third generation of the link-type robot, with offset joints at both module sides and with the link arm between adjacent modules, has enough flexibility to change its shape by compound motion of its joint. The reconfigurable modular robot is a link-type structure with three modules. No matter how many modules it has, this kind of link-type robot can pose various kinds of symmetry configurations and trim configurations, especially being in line or in row. According to the module's physical structure and the adjacent relationship, configuration matrix has been proposed to represent the topological information. Based on combination principle, recursive algorithm had been proposed to enumerate and evaluate the non-isomorphic configurations and non-isomorphic symmetry configurations [22] . According to the enumerating result, the three-module robot has nine non-isomorphic configurations in which three are symmetrical configurations, while the rest six ones are medium configurations. It has three kinds of symmetrical configurations: the line type configuration "L" in Figure 2 (a), the triangle type configuration "T" in Figure 2 (e) and the row type configuration "R" in Figure 2 (i). The rest configurations are denoted by "j", "d", "g", "h", "q" and "p" respectively. The reconfiguration technique of the system had been farther studied in ref. [25] . We had experimented on the mobility of various configurations. Experimental result shows that each configuration has its advantages and disadvantages. It is hard to evaluate the mobility in the same rule. Therefore, in this paper, we mainly take the reconfiguration topology into consideration to select the center-configuration.
Graph theory based network modeling
Being a branch of the mathematics, graph theory has been widely applied in physics, cybernetics, information theory, engineering technology, traffic and transport, economics and computer science [38] [39] [40] . The network in graph theory is composed of many designed points (also called "node") and the lines (also called "edge") between those nodes. It is usually used to describe the relationship between the complex objects. These nodes denote the objects and the edges denote the relationship between these objects. The reconfigurable modular robot has many configurations. The adjacent configuration can reconfigure into each other, while the nonadjacent configurations have various routes. These reconfiguration relationships have the correspondence with the relationships in the network. Each configuration can be represented by a node. And each reconfiguration can be represented by the edge. The difficulty of each reconfiguration can be evaluated by the length of the corresponding route. According to the similarity between configuration network and the graph network and related algorithms in graph theory, all the configurations of the three-module reconfigurable robot have been taken as an example to analyze the configuration relationship. As shown in Figure 3 , there are twelve kinds of adjacent relationships between these nine configurations. Each adjacent relationship represents that the configuration can directly transform into another configuration by the Yaw/Pitch joint's 180° rotation. According to the CAD model in Figure 1 , it has been set that the clockwise direction of the Yaw joint is positive in top view, while the clockwise direction of the Pitch joint is positive in left view. Based on the reconfiguration relationship in Figure 3 , the correspondences of the reconfiguration process can been in Table 1 . According to the network's principle, the reconfiguration network in Figure 3 can be decided by its adjacency and conjunction, which can be represented by an adjacent matrix. The adjacency matrix of these nine configurations with twelve adjacent relationships in Figure 3 can be represented by a 9×9 matrix A as follows: 
3 Reconfiguration cost and center-configuration coefficient
Reconfiguration cost matrix
In graph theory and network research, most of the optimization problems can be generalized as the shortest path problems or the center location problems. There are various evaluations for the shortest path, for instance, the minimum cost path in the transport network, the maximum reliability path in the communication network and the shortest path for the postman. According to the actual requirements, there may be many criteria for the cost of the reconfiguration. In this paper, we mainly take the following factors into consideration.
(i) Reconfiguration time. In the real-world application, the self-reconfigurable robot are hoped to quickly respond to the command such as changing its configuration as soon as possible since it usually time emergent.
(ii) Reconfiguration energy. The reconfiguration can be carried out by a single joint's motion or compound motions. Since the self-reconfigurable robot is equipped with power source and the available energy is limited, the less energy is consumed in reconfiguration, the better.
(iii) Reconfiguration space. In the reconfiguration process, certain space is required. When the self-reconfigurable works in limited space or in shield mission, reconfiguration space required is hoped to be as small as possible.
(iv) Reconfiguration reliability. System reliability is a high-level requirement for the mechanical system and the control system of the self-reconfigurable robot. The factors for the system reliability includes the failure probability of reconfiguration, the maximum torque, the maximum reaction force, and the maximum stress of the mechanical system, the maximum current, and the stability of the controller in the control system, and the other factors.
In an actual reconfiguration process, the stresses on the above four factors are different according to the terrain condition, environment limitation, the extern load, and the task. Therefore, we can define the transformation cost matrix which will be simplified as cost matrix according to the above factors in the following ways.
Definition 1 (Reconfiguration cost matrix). For a configuration network G with k configurations, the reconfiguration cost matrix C(G)=[c ij ] k×k is a k×k matrix whose c ij represents cost of configuration a i being transforming into configuration a j with integrated consideration of the time consumed, the energy consumed, the space required, and the system reliability.
There are three situations for c ij as follows: 1) c ij >0, if configuration i can transform into configuration j in one step, and c ij is given by
where Ti ij , To ij , Mt ij , and Sp ij denote the time, mean torque, space, and maximum torque consumed in reconfiguration respectively. Ti, To, Mt, and Sp denote the time matrix, mean torque matrix, space matrix, and maximum torque matrix in correspondence.
2) c ij =0, if i = j.
3) c ij =∞, if configuration i cannot transform into configuration j directly. In the above definition, the reconfiguration cost matrix considers the factor such as time, energy, space, and system reliability. The reconfiguration costs are also decided by the environment, the terrain, the extern load, and the mission. Some of these factors are important while some are not. We can add other important factors in the variables of 1) according to the actual requirement. It should be noted that reconfiguration cost matrix may not be a symmetrical matrix since that the cost from configuration a i to configuration a j is usually different from that from configuration a j to configuration a i .
In a connected reconfiguration network, one configuration can absolutely transform into another configuration. Thus, the minimum reconfiguration cost between these configurations can be calculated by the shortest path algorithms. The minimum reconfiguration cost matrix can be defined as follows.
Definition 2 (Minimum reconfiguration cost matrix). For a configuration network G with k configurations, the minimum reconfiguration cost matrix D(G)=[d ij
] k×k is a k×k matrix whose d ij represents minimum cost of configuration a i being transforming into configuration a j .
There are two situations for d ij as follows:
The minimum reconfiguration cost matrix represents the difficulty of the reconfiguration between these configurations. It is an important reference for select the center-configuration.
Center-configuration coefficient
In the graph theory, there are many kinds of center location algorithms intending for center problem and median problem [40] [41] [42] [43] [44] , which denote the point with the minimum distance to the other points and the point with the minimum summation of the distances to the other points. There is great similarity and affiliation between center-configuration selection and center location problem. When the self-reconfigurable robot is in real-world mission, an initial configuration or a referenced basic configuration should be set for its efficient control. In this paper, this configuration will be called center configuration of the configuration network. There maybe many additional factors leading to the selection of the center configuration such as the controllability and the dynamic performance of the configuration. In this paper, we mainly take into following factors into consideration.
(i) Adjacency configuration number. In the situation getting in trouble at current configuration, the self-reconfigurable robot are hoped to quickly to transform into the adjacency configurations. The center configuration is assumed to be the configuration with maximum adjacency configuration so that it has the maximum possibility of self-salvation. According to the adjacency matrix, the sum of the nodes in row or column i is equal to the number of transformations from or number of transformations to of configuration i. The adjacency configuration number of configuration i is defined by 1 1 .
(ii) Radius of reconfiguration cost. According to the cost matrix and the distance matrix of the configuration network, the center configuration is hoped to have the minimum transformation cost to all the other configurations. The radius of reconfiguration cost is defined to be the principal square root of the product between the maximum reconfiguration cost transforming from this configuration and the maximum reconfiguration cost transforming to this configuration. It is given by 1 1 max ( ). max ( )
(iii) Distance of reconfiguration cost. The distance of reconfiguration cost for a configuration is defined in a similar manner as the radius of reconfiguration cost. It is the principal square root of the product between the summation of all the reconfiguration costs transforming from this configuration and all the reconfiguration costs transforming to this configuration. It is given by 1 1 .
When it comes to select the center-configuration, the center-configuration coefficient can be primarily set as follows with integrated consideration of above factors.
For the sake of analysis and comparison, eq. (5) can be normalized into a non-dimension expression. Therefore, the center-configuration coefficient can be given as
In real application, the center-configuration is selected to be the configuration with largest center-configuration coefficient.
Simulation and calculation
As shown in Figure 4 , we intend to use the data from dynamic simulation of the reconfigurable robot under software COSMOSMotion [45] to get the cost matrix of the reconfiguration under uneven terrain. During the calculation of reconfiguration cost matrix, it is impossible to consider all the factors. Therefore, in this paper, simplified technique has been adopted with consideration of the time matrix, mean torque matrix, space matrix and the max torque matrix.
In the simulation environment, the static frication coefficient between the track and the ground is 0.3, while the dynamic frication coefficient is 0.2. The joint motion is given by a gradual step function which is available in the software. The time matrix in simulation is set as follows with the unit of "s" (shorten for "second"). 
The spaces of these reconfigurations are calculated out to be following space matrix with the unit of "10 6 mm 3 ". 
According to the simulation, the mean joint torques of these reconfigurations are provided by the following mean torque matrix with the unit of "N.m". 
The maximum joint torques of these reconfigurations are given by following maximum torque matrix with the unit of "N.m". 
According to the optimization algorithms in graph theory, the Dijkstra algorithm has been used to deal with the shortest path of a pair of nodes, while the Floyd-Warshall algorithm has been used to deal with any shortest path of these nodes [39, 40] . Based on Definition 2, the minimum reconfiguration cost matrix D can be obtained by Floyd-Warshall algorithm from the result in reconfiguration cost matrix C. 
According to the adjacency matrix and the minimum reconfiguration cost matrix for the three-module reconfigurable robot system AMEOBA-I, we can get the adjacency configuration number, the radius of reconfiguration cost, the distance of reconfiguration cost, the center configuration coefficient for all its configurations. The results are shown in Table 2 in detail. Under the simulation environment in Figure 4 and with the consideration of adjacency configuration number and reconfiguration cost, configuration "T" has the maximum centerconfiguration coefficient in the nine configurations while "R" has the minimum centerconfiguration coefficient. Therefore, we select configuration "T" to be the center-configuration for the configuration network of AMEOBA-I.
Application example
As mentioned above, the center-configuration should have the best flexibility, the maximum possibility of reconfiguration into other configurations and the maximum possibility of reconfiguration from other configurations. Once the center-configuration cannot accomplish the designated mission or get into trouble, it will save itself out and change itself into another configuration quickly to continue the mission. The adjacency configuration number is the main factor to select the center-configuration. It clearly discovers the reconfiguration possibility and flexibility for a certain configuration. During the locomotion control of the reconfigurable robot, the configuration adjacent relationship is reference for a quick reconfiguration if the reconfigurable robot breaks out, gets into trouble or cannot accomplish the designated tasks as current configuration.
Therefore, we take the adjacency configuration number as an example to select the centerconfiguration. It is consumed that the center-configuration coefficient is equal to the adjacency configuration number while the other factors are ignored. According to the results from eq. (2) in Table 2 , the adjacency configuration numbers of L, d, j, g, T, h, q, p and R are 2, 3, 3, 2, 4, 2, 3, 3 and 2 respectively. Configuration T has the largest center-configuration coefficient, then d, j, q and p, while L and R have the smallest center-configuration coefficient. Based on these center-configuration coefficients, Figure 3 can be reorganized. The configuration relationship is displayed by 2D projections in the reorganized configuration network as shown in Figure 5(a) . The center location of configuration T also reflects its key position in the configuration network to some extent. Therefore, in currently platform, configuration T is set to be the basic configuration, the initial configuration and the original point of the control system. On the other hand, the center-configuration is the most important configuration in the configuration network and its reliability is crucial for the whole configuration network. It can be seen from Figure 5 (b) that once the center-configuration T gets into trouble, all the other configurations' reconfigurations will be single and be greatly affected. 
Conclusion
Since the configuration number increases exponentially with the module number, it is crucial to select the center-configuration which is the prime configuration or the original configuration in the enormous number of configurations for a real reconfigurable robot system. In this paper, the configuration network has been modeled according to the basic ideas and principle in graph theory. Then a novel center-configuration selection has been proposed in a reconfiguration view. The center-configuration comes from the topological characters of the configuration network with considerations of the factors such as adjacency configuration number, radius of reconfiguration cost and distance of reconfiguration cost. Setting and selection of the center-configuration are very important for the configuration locomotion, configuration control and the safety of the configuration network. In the future work, the center-configuration of a reconfigurable robot can be selected by composite consideration of its physical speciality and topological information. On the other hand, future efforts will be made to improve current platform. With the sensor system equipped and the sensor information being the feedback of the control system, the improved reconfigurable robot can automatically and real-timely select the center-configuration under various environments.
